Complement activation and C3 deposition on the surface of parasitic helminths may be important for recruitment of leukocytes and for damage to the target organism via cell-mediated mechanisms. Inhibition of complement activation would therefore be advantageous to parasites, minimizing damage and enhancing migration through tissues. The aim of this study was to determine ex vivo if complement activation by, and leukocyte adherence to, the nematode Nippostrongylus brasiliensis change as the parasite matures and migrates through the murine host. Pathways of activation of complement and the mechanism of adherence of leukocytes were also defined using sera from mice genetically deficient in either C1q, factor B, C1q and factor B, C3, or C4. Substantive deposition of C3 and adherence of eosinophil-rich leukocytes were seen with infective-stage (L3) but not with lung-stage (L4) larvae. Adult intestinal worms had low to intermediate levels of both C3 and leukocyte binding. For L3 and adult worms, complement deposition was principally dependent on the alternative pathway. For lung-stage larvae, the small amount of C3 detected was dependent to similar degrees on both the lectin and alternative pathways. The classical pathway was not involved for any of the life stages of the parasite. These results suggest that in primary infections, the infective stage of N. brasiliensis is vulnerable to complement-dependent attack by leukocytes. However, within the first 24 h of infection, N. brasiliensis acquires the ability to largely avoid complement-dependent immune responses.
The rapid recruitment of leukocytes to infected tissues is a crucial early step in resistance to parasitic helminths. In order to damage the target organism, many effector cells make close contact with the parasite and this can occur via complementand antibody-dependent mechanisms (16, 29, 47) . Although other mediators may also play minor roles (4, 37, 45) , in the absence of parasite-specific antibody and especially in the early stages of primary infection, complement is likely to be the most important factor facilitating leukocyte recruitment and attachment to the parasite. C3b and its cleavage products facilitate attachment of leukocytes to the helminth, while C3a and C5a may act as early chemotactic factors. Eosinophils are major effector cells in host resistance to infection with a range of parasitic helminth species (14, 38, 44, 47) and adherent eosinophils release products that can damage, immobilize, and/or kill the parasite (6, 10) .
Using physical or chemical strategies to deplete complement activity in vitro, parasites have been shown to activate complement by either the alternative or classical pathway (19, 28, 31, 36, 42) . Although sera from humans and animals with spontaneous mutations in genes encoding individual complement proteins have also been used in studies with parasites (32, 40, 50) , it has not previously been possible to comprehensively analyze each complement pathway in a single host species.
A number of pathogenic species of bacteria, viruses, and fungi have evolved strategies to evade activation of complement to ensure survival within the host (17, 23, 27, 34) . Some helminths have also developed strategies to avoid complement recognition in the early stages of infection. Soon after entry into the host, Schistosoma mansoni becomes resistant to serum-dependent killing by shedding a strongly antigenic coat, acquiring host proteins, including blood group antigens and the complement regulatory protein decay accelerating factor (39, 41) , and secreting proteins that bind to and inhibit complement proteins (13, 30, 32) . In the early stages of infection, parasitic nematodes may also undergo changes that inhibit C3 deposition (35) and reduce the capacity of leukocytes to attach (1, 5) .
Nippostrongylus brasiliensis is a nematode infecting mice and rats and has a life cycle similar to that of the human pathogen Strongyloides stercoralis. N. brasiliensis eggs hatch in feces, and after maturation to the infective stage, larvae (L3) enter the host through the skin. In experimental studies, most larvae have exited the skin within 4 h of subcutaneous injection, arriving in the lungs 18 to 48 h later and maturing into L4 (9, 24) . Larvae then migrate via the trachea and esophagus to the small intestine, where they mature into adult worms. Infective N. brasiliensis L3 are susceptible to complement activation and eosinophil-dependent damage (19, 45) . In the presence of serum, mouse eosinophils adhere to N. brasiliensis L3 in vitro and degranulate (29) , leaving them temporarily immobilized, and when injected into mice, many fail to migrate to the lungs (8) .
Interleukin-5 (IL-5) transgenic mice, which exhibit constitutive eosinophilia, are resistant to infection with N. brasiliensis and other helminths (14, 21, 44) . When N. brasiliensis L3 are injected into the skin of these mice, eosinophils are recruited in large numbers and within 2 hours of infection, many are strongly adherent to the larvae (9) . Larvae are trapped in the skin for an extended period and, relative to wild-type mice, few reach the lungs (9) . However, those L3 that escape the skin and migrate to the lungs to develop into L4, do not elicit a strong inflammatory response, and for at least 24 to 48 h postinfection, few eosinophils are either recruited or adhere to lungstage larvae (9) .
In the first stage of this study we determined that N. brasiliensis develops a strategy to resist complement-dependent immunity as it matures from L3 to L4. C3 deposition and eosinophil-rich leukocyte adherence were compared on infective-stage L3 collected from in vitro cultures with parasites recovered from the skin, the lungs, and the small intestine. In the second stage of this study, we used sera from mice genetically deficient in either C1q, factor B, C1q and factor B (double mutant), C3, or C4 to determine that the pathways of complement activation differ as the parasite matures and migrates through the murine host.
MATERIALS AND METHODS

Animals.
Mice were bred in-house under clean barrier conditions at the University of Adelaide and Imperial College, London, and handled according to institutional animal ethics committee guidelines.
Culture medium and sera. Leukocytes were cultured with parasites in RPMI 1640 culture medium (Institute of Medical and Veterinary Science, Adelaide, Australia) supplemented with 2 mM L-glutamine, 12 g/ml gentamicin, 16 g/ml penicillin, and 10% heat-inactivated (56°C for 30 min) fetal calf serum (Multiser, Trace Biosciences, Sydney, Australia). Serum was collected from mice by cardiac puncture under pentobarbitone sodium anesthesia. Where indicated, serum complement activity was selectively inhibited by heating for 30 min at 56°C (heat-inactivated mouse serum [⌬MS] ). Sera from wild-type CBA/Ca and C57BL/6 mice (normal mouse serum [NMS] ) and from C57BL/6 mice deficient in either C1q (classical pathway deficient) (3), factor B (alternative pathway deficient) (33), C1q and factor B (classical and alternative pathway deficient), C3 (deficient in all complement pathways) (49), or C4 (classical and lectin pathway deficient) (18) were used as indicated.
Preparation of larvae and worms. Infective-stage N. brasiliensis L3 were obtained from fecal culture after passage through female Hooded Wistar rats aged 6 to 8 weeks as previously described (9) . L3 were used between 9 and 28 days after establishment of fecal cultures. L3 were washed three times in phosphatebuffered saline (PBS), pH 7.4, and concentrated by centrifugation at 50 ϫ g for 5 min. Larvae were then resuspended in PBS (immunofluorescence studies) or in culture medium (leukocyte coculture). Skin air pouches were generated as previously described (9) ; 750 L3 in 100 l PBS were injected into each pouch and 30 or 150 min later, larvae were recovered by lavage and washed three times in PBS.
Lung-stage (L4) larvae were obtained after subcutaneous infection of wildtype CBA/Ca or C57BL/6 mice with approximately 750 L3 in 100 l PBS. Either 24 or 48 h postinfection, mice were sacrificed by CO 2 asphyxiation and cervical dislocation. Lungs were resected, washed in saline, minced with scissors, and incubated for 2 h at 37°C to facilitate migration of L4 out of the tissue. L4 were isolated from lung tissue by filtration through a plastic mesh strainer (approximately 1.0-mm-square mesh). Blood was removed by five washes in saline, each time allowing L4 to settle under unit gravity. L4 were then separated from the remaining finer pieces of lung tissue under a dissecting microscope using a 3.5-ml plastic transfer pipette and washed three times in PBS or culture medium, as required. Adult worms were recovered from the small intestine 7 days after subcutaneous infection of mice with 750 L3 in 100 l PBS. Mice were sacrificed as described above, the intestine was resected, opened longitudinally with fine scissors, incubated in saline for 1 h at 37°C and worms were collected with a transfer pipette and washed five times by gravity sedimentation in PBS or culture medium.
Measurement of larvae and worms. To allow quantitative comparison of immunofluorescence of L3, L4 and intestinal worms that are substantially different in size, the surface area of each stage was estimated. Parasites were dotted on microscope slides and photographs were taken of over 20 of each stage using a 4ϫ objective lens on an Olympus BH-2 light microscope, an Olympus C-35AD-4 camera and Konica Color Centuria 400 ISO/ASA 35-mm print film (Konica Corporation, Japan). Photographic prints were enlarged 100% using a photocopier (final magnification, 111ϫ) and length and width of parasites were measured with a curvimetre map measure (Kartenmesser, Germany). For each parasite stage, a mean was calculated from duplicate measurements of each parasite and the overall mean and standard error of the mean were calculated from these values. Parasite surface area was estimated by calculating the area of the curved surface of a cylinder: surface area of parasite ϭ ϫ diameter of parasite ϫ length of parasite.
The length, diameter, and estimated surface area of parasites life stages are shown in Table 1 . The ratio of surface areas for L3, L4, and worms was approximately 1:2:14; hence in experiments where L3, L4, and worms are compared, 120 L3 or 60 L4 or 8 worms were added to each well of a microtiter tray. Since L4 taken from the lungs 24 h postinfection were only slightly smaller (approximately 10%) than those from 48 h postinfection, in each case, the same number of L4 were used per well.
Immunofluorescence microscopy. Aliquots of suspensions of parasites were dotted onto glass slides, placed under a glass coverslip and examined under UV illumination with an Olympus BH-2 microscope at 100ϫ magnification. Photomicrographs were taken using Fujichrome Sensia 400 ISO/ASA 35-mm film (Fuji Photo Film Co. Ltd, Tokyo, Japan) with an exposure time of 16 s for anti-C3 fluorescence, or 40 s for carboxyfluorescein diacetate succinimidyl ester (CFSE)-labeled cell fluorescence and printed at a final magnification of 47ϫ. All immunofluorescence microscopy was conducted after scanning with a phosphorimager.
Detection of C3. Using an adaptation of techniques described recently (19) , parasites were incubated with PBS alone or with 50 l of 20% NMS, ⌬MS, or serum from complement-deficient mice for 1 h at 37°C with 5% CO 2 in air in a clear 96-well microtiter plate (Greiner Bio-One, Omega Scientific, CA) or in 10-ml plastic test tubes. Unbound serum components were then removed by 10 washes with 200 l of PBS/0.05% vol/vol Tween 20 (PBST) in 96-well plates using a multichannel pipettor, or by two washes in 5 ml PBST where test tubes were used. Parasites were allowed to settle under unit gravity (96-well plates) or were centrifuged at 18 ϫ g for 5 min (test tubes) between each wash. Parasites were then incubated with 50 l of a 1/50 dilution of fluorescein isothiocyanateconjugated goat anti-mouse C3 antibody (ICN/Cappel, catalog no. 55510) for 1 h at room temperature in the dark. Unbound antibody was removed by washing as described above. Finally, parasites were resuspended in 200 l of 25% vol/vol glycerol in PBS in 96-well plates, or where parasites were incubated in test tubes, aliquots of 200 l/well of parasite suspensions were added to the wells of a flat-bottomed, solid black 96-well plate (Costar, catalog no.# 3915, Corning Inc.).
Measurement of fluorescence intensity. Fluorescence in individual wells of solid black or clear 96-well microtiter plates was quantified in arbitrary units with a Molecular Imager FX phosphorimager (Bio-Rad USA, catalog no. 170-7800) as described previously (19) . In some experiments, fluorescence intensity per parasite was calculated to reduce variation due to differences in the exact number of parasites per well.
CFSE labeling of leukocytes. Peritoneal cells from male or female heterozygous interleukin-5 (IL-5) transgenic C57BL/6 or CBA/Ca mice (15), aged 7 to 10 weeks, were used as an eosinophil-rich (55 to 75%) source of leukocytes. Mice were killed by carbon dioxide asphyxiation and peritoneal cells were harvested by lavage with mouse-osmolality PBS (MPBS) (43) . Cells were washed twice in MPBS, twice in RPMI 1640 containing 0.1% vol/vol fetal calf serum and then resuspended in RPMI 1640/0.1% fetal calf serum at 10 7 cells/ml. Cells were incubated in 2.5 M CFSE for 10 min at 37°C in 5% CO 2 and excess CFSE was removed by washing in culture medium.
Analysis of leukocyte adherence to parasites. Adherence of CFSE-labeled leukocytes to parasites was quantitated using an adaptation of methods described previously (19) . Aliquots (30 l) of approximately 120 L3, 60 L4, or 8 worms in a Approximate total surface area was estimated using parasite length and width measurements to calculate the area of the curved surface of a cylinder (i.e., surface area ϭ ϫ length ϫ diameter). Data are means Ϯ SEM for 27 (L3), 22 (L4), or 23 (worms) samples.
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N. BRASILIENSIS EVASION OF COMPLEMENT ACTIVATION 7443 culture medium were mixed with 100 l of CFSE-labeled leukocytes (10 6 total) and 70 l of either culture medium, NMS, ⌬MS, or complement deficient serum (7% final concentration) was then added. After incubation at 37°C in 5% CO 2 for 2 h, unbound cells were removed by nine washes in MPBS and fluorescence was measured using the phosphorimager, as described above. UV microscopy was used to visualize fluorescent cells attached to parasites.
Statistical analysis. Data for individual experiments, with each sample assayed in duplicate or triplicate are presented as mean Ϯ standard error of the mean and were analyzed using Student's unpaired t test and GraphPad Prism software (version 3.03, GraphPad Software Inc.).
RESULTS
Detection of C3 on N. brasiliensis. The extent of C3 deposition on L3 collected from fecal culture plates was compared to that for L4 recovered from the lungs of CBA/Ca mice either 24 or 48 h postinfection and to adult worms recovered 7 days postinfection from the small intestine. Using immunofluorescence microscopy, it was apparent that C3 deposition in the presence of NMS from CBA/Ca mice was much greater on L3 than on L4 collected either 24 or 48 h after infection (Fig. 1a [i to iii]). C3 was deposited at very high levels over the entire surface of L3. In contrast, the small proportion of L4 that did exhibit some labeling had a very different and irregular pattern of deposition (Fig. 1a [ii and iii]). Intermediate but evenly distributed C3 deposition was observed on intestinal worms (Fig. 1a [iv] ).
Quantitative analysis of C3 deposition (i.e., immunofluorescence/total parasite surface area) confirmed the large differences in C3 binding between L3 and L4 opsonized with NMS (Fig. 1b) . Larvae typically showed relatively high autofluorescence. Nevertheless, the level of fluorescence detected on L4 incubated with NMS was no greater than that seen with L4 opsonized with serum heat-treated to inactivate C3 (i.e., ⌬MS). There were no qualitative or quantitative differences between 24-and 48-h lung larvae. Adult worms showed significant levels of C3 deposition after opsonization with NMS (Fig. 1b) , but not at the same intensity as seen on L3. Host-derived C3 was not detected on either L4 or intestinal worms, as fluorescence of PBS-opsonized parasites exposed to anti-C3 antibody was no greater than background (i.e., where anti-C3 antibody was omitted).
To determine if inhibition of C3 deposition occurred soon after infection and at a time when many larvae are migrating to other tissues, we assessed fixation of endogenous and exogenous C3 on parasites recovered from skin air pouches 30 to 150 min after injection. It was difficult to accurately count and dispense larvae recovered from the skin because they tended to coalesce and so quantitative analysis was not performed. However, when assessed visually, skin larvae recovered 30 min postinjection demonstrated clear evidence of in vivo C3 deposition (Fig. 1c [iv] ). When subsequently opsonized with NMS, further increases in C3 deposition were evident (Fig. 1c [vi] ) similar to that seen on L3 from cultures ( Fig. 1c [iii] ). Skin larvae recovered 150 min postinfection were comparable to those retrieved after only 30 min (data not shown).
Adherence of leukocytes to N. brasiliensis. The adherence of eosinophil-rich CFSE-labeled peritoneal leukocytes to L3, L4 and intestinal worms opsonized with serum was determined. Large numbers of leukocytes adhered to the surface of NMSopsonized L3 (Fig. 2a [i] ), however, few if any cells bound to similarly treated lung larvae (Fig. 2a [ii and iii] ). In samples stained with Vital New Red and Alcian Blue, 92% of leukocytes in the first layer of cells adhering to L3 were eosinophils, with some macrophages (6%) and the occasional mast cell also present. Quantitative analysis of leukocyte adherence using a phosphorimager clearly demonstrated the disparity between leukocyte adherence on L3 and L4 (Fig. 2b) .
Large numbers of CFSE-labeled leukocytes bind to L3 and, as reported previously (19) , visual assessment revealed that this was reduced to negligible levels when ⌬MS or culture medium were substituted for NMS (Fig. 2b and data not  shown) , indicating that leukocyte adherence was complement mediated. In contrast, few leukocytes adhered to either 24-or 48-hour L4, regardless of the opsonization conditions (Fig. 2b) . Some leukocytes adhered to intestinal worms, but unlike L3, this was largely restricted to the posterior end (Fig. 2a [iv] ). When assessed quantitatively, leukocyte binding to adult worms was at most only modest (Fig. 2b) but decreased significantly if ⌬MS was used instead of NMS, indicating that it was also complement-mediated.
C3 deposition and leukocyte adherence on N. brasiliensis L3 are largely dependent on the alternative complement pathway. Until recently, it has only been possible to use physical or chemical methods of depleting complement activity and these are sometimes only partially effective or may not be specific for complement proteins. It is now possible to use sera from mice that have been genetically manipulated to be deficient in one or more proteins of the complement pathway. We performed a comprehensive analysis of C3 deposition and leukocyte adherence on infective-stage larvae in the presence of NMS and ⌬MS from wild-type C57BL/6 mice and most particularly with sera from syngeneic mice genetically deficient in either C1q, factor B, C1q and factor B (double mutant), C3, or C4 (Fig. 3) .
There was no significant difference in C3 deposition on L3 exposed to NMS or C1q-deficient serum (Fig. 3a) , indicating that C1q and the classical pathway play no role in mediating C3 deposition on N. brasiliensis L3. In contrast, C3 deposition was almost completely abrogated in the absence of factor B (with and without C1q), indicating that the alternative pathway is paramount in this experimental system. A small amount of factor B-independent C3 binding was evident, since C3 deposition was significantly higher in the absence of factor B than it was when larvae were exposed to C3-deficient sera (C3 Ϫ/Ϫ and ⌬MS). This is consistent with the observation that C3 deposition was slightly reduced when C4 was ablated, indicating a possible minor role for the C4-dependent lectin pathway.
The adherence of peritoneal leukocytes was similarly assessed in the presence of culture medium, NMS, ⌬MS or sera from complement-deficient mice. C3 was required for adherence, which was not affected by an absence of C1q (Fig. 3b) . However, adherence was significantly reduced in the absence of factor B, again highlighting the importance of the alternative pathway. There were no significant differences in leukocyte adherence with factor B-deficient serum when compared to sera deficient in C3 (C3 Ϫ/Ϫ and ⌬MS) and in the presence of culture medium only. The absence of C4 had no effect on cell adherence, indicating that while the lectin pathway may contribute slightly to complement deposition on L3, for complement-mediated leukocyte adherence, the alternative pathway is sufficient. 
Pathway of complement activation changes as N. brasiliensis matures.
We next compared C3 deposition on L3, L4 (48 h postinfection), and adult (7 days postinfection) worms in the presence of NMS and ⌬MS from wild-type C57BL/6 mice and sera from syngeneic mice genetically deficient in complement proteins (i.e., C1q, factor B, or C4; Fig. 4) . ⌬MS was substituted for C3
Ϫ/Ϫ serum in this experiment because both performed similarly in previous experiments.
As already demonstrated (Fig. 3a) , C3 fixation on L3 was dependent on the alternative pathway; however in this exper- (Fig. 4a) , the minor contribution from the lectin pathway was not evident. When comparing sera from CBA/Ca and C57BL/6 mice, we noticed a higher level of C3 deposition on L4 treated with NMS from the latter (mean fluorescence/well Ϯ standard error of the mean, CBA/Ca versus C57BL/6, 3.29 Ϯ 0.09 ϫ 10 3 versus 6.72 Ϯ 0.38 ϫ 10 3 respectively, P Ͻ 0.001, n ϭ 3). Interestingly, this difference was not evident when screening L3 (mean fluorescence/well Ϯ standard error of the mean, CBA/Ca versus C57BL/6, 1.25 Ϯ 0.08 ϫ 10 4 and 1.29 Ϯ 0.02 ϫ 10 4 respectively, not significant, n ϭ 3). Although there was a measurable difference in the level of complement activation on L4 treated with sera from these two strains, this was not associated with differences in the numbers of either lung larvae (day 2) or worms (day 7) recovered (Mean no. of parasites Ϯ standard error of the mean for C57BL/6 and CBA mice [n ϭ 3 to 4] respectively. L4: 323 Ϯ 47 versus 289 Ϯ 44, P Ͼ 0.05. Intestinal worms: 254 Ϯ 99 versus 164 Ϯ 33, P Ͼ 0.05.).
Although still modest compared to C3 fixation on L3 analyzed in the same experiment (Fig. 4a) , the complement deposition on L4 treated with NMS from wild-type C57BL/6 mice was greatly diminished when sera from mice deficient in either factor B or C4 were used (Fig. 4b) , indicating that both the alternative and lectin pathways contribute to C3 activation on lung-stage larvae. In three separate experiments, C3 deposition on L4 was significantly less with serum from C4 Ϫ/Ϫ than from factor B Ϫ/Ϫ mice ( Fig. 4b and data not shown) and so for lung-stage larvae, the lectin pathway may be at least marginally more important. The pathway of complement activation for adult worms was similar to that for L3, since deposition of C3 was in both instances significantly reduced in sera from factor B Ϫ/Ϫ mice (Fig. 4c) . For adult worms, some C3 deposition would appear to be independent of the alternative pathway. For all of the life stages assessed, the classical pathway (C1q) was not involved.
DISCUSSION
Evasion of potentially damaging host immune responses is essential for helminths to be successful parasites. In one sense, the parasite is likely to be at its most vulnerable upon entry into the host, principally because it must quickly change from a form suited either to a free-living stage or to residence in another host. Conversely, a naïve host is particularly vulnerable in the first few days of infection, since it is totally or largely dependent on innate mechanisms of resistance. In this and our previous studies (9, 14, 19) , we have shown the infective-stage L3 of N. brasiliensis to be extremely vulnerable to complementdependent attack by eosinophils. Complement activation on N. brasiliensis L3 occurs primarily via the alternative pathway. However within the first 24 h of infection, during maturation This may explain why the inflammatory response at the site of initial infection, the skin, is rapid and substantive, whereas that in the lungs is slow to develop. The eosinophil chemotactic factors C3a and C5a may be responsible for rapid recruitment of eosinophils into the skin, but are less likely to be available when the lungs become infected. Interestingly, there are major changes in the pathways of complement activation as N. brasiliensis matures, with the lectin pathway becoming more important for the limited levels of complement activation on lung-stage larvae. Innate resistance of wild-type mice to primary infection with N. brasiliensis is typically very low for most strains, with a large proportion of the infecting dose (Ͼ50%) migrating through the lungs and colonizing the small intestine (14) . In addition, since the parasite has a very short transit time through the host (approximately 9 to 14 days), the life cycle is completed before an effective adaptive immune response can be generated. Our studies suggest that provided sufficient and appropriate effector cells can be recruited, innate resistance against N. brasiliensis is very effective (9, 14) . Eosinophils appear to be a potent force in trapping larvae in the skin in primary infections (9) and this study indicates that C3 is almost exclusively responsible for facilitating stable attachment of these and other leukocytes to the target. Our data also suggest that complement may be important for recruitment of leukocytes, since in the absence of C3 deposition on L4 (Fig. 1) , few leukocytes are to be found in the lungs until after the majority of larvae have migrated to the gut (7, 9, 48) . Although chemokines such as the 6 CFSE-labeled IL-5 transgenic peritoneal leukocytes in the presence of either NMS, ⌬MS, culture medium (CM), or complement-deficient sera as described above (final serum concentration 7%). Data is expressed as mean fluorescence per L3 Ϯ standard error of the mean (n ϭ 3). *, significantly less than NMS control; **, significantly less than factor B Ϫ/Ϫ (P Ͻ 0.05).
FIG. 4.
Pathway of complement activation changes as N. brasiliensis matures. L3, L4 (48 h postinfection), or adult worms (7 days postinfection) were opsonized with PBS, NMS, ⌬MS, or sera from mice genetically deficient in either C1q, factor B, or C4 (final serum concentration, 20%) and then incubated with fluorescein isothiocyanateconjugated goat anti-mouse C3 antibody. Data are expressed as mean fluorescence per well Ϯ standard error of the mean (n ϭ 2 or 3). *, significantly less than NMS control; **, significantly less than factor B Ϫ/Ϫ (P Ͻ 0.05). We have yet to determine how long the larvae are in the host before acquiring the ability to avoid complement activation and leukocyte adherence, though clearly it occurs sometime between 2.5 and 24 h postinfection. Some tissue-invasive parasitic helminths inhibit adherence of leukocytes after a single maturational stage (1, 5, 11, 22, 26) . Leukocytes adhere to L3 but not to L4 of Dirofilaria immitis, possibly due to acquisition of host-derived inhibitory proteins (1) . The exact mechanism of how lung-stage N. brasiliensis larvae avoid fixing complement or binding leukocytes is not fully understood. N. brasiliensis L3 and L4 exsheath during maturation and the third larval molt occurs within the lungs approximately 24 to 32 h postinfection (24) . One or more of these exsheathments may remove parasite-derived molecules that activate the alternative pathway or expose additional binding sites for complement regulatory proteins such as factor H, which has been shown to be important for evasion of complement by Onchocerca volvulus (35) . Finally, excretory/secretory proteins produced by L4 could also interfere with host defenses. Treatment of serum with excretory/secretory proteins from the nematode Toxocara canis has previously been shown to inhibit complement deposition on the surface of T. canis larvae (2). The potential mechanism(s) used by N. brasiliensis L4 to inhibit C3 deposition is the subject of further investigation in our laboratory.
Using sera from mice genetically deficient in one or more of the complement proteins, we have comprehensively and for the first time defined which complement pathways are most important for both complement activation and leukocyte adherence on a parasitic helminth. The alternative pathway is of prime importance for both C3 deposition and leukocyte adherence to L3 in vitro, but also makes a significant contribution to the smaller amounts of C3 found on both L4 and adult worms. The broader relevance of C3 deposition on adult worms is questionable, since complement may not be available or active in the gut, except perhaps where parasites attach to, erode, and/or feed on the gut wall. Activation of the classical pathway had no role in mediating C3 deposition on N. brasiliensis L3, L4, or intestinal worms, indicating that molecules capable of directly binding C1q and activating this pathway are not expressed by N. brasiliensis.
Although largely unexplored for helminths, activation via the lectin pathway has been detected on Trichinella spiralis (20) and mannan-binding lectin adheres to schistosomes (25) . Complement activation by the lectin pathway was responsible for only a small proportion of the C3 deposited on N. brasiliensis L3 and adult worms. However, of the small amount of C3 detected on L4, the greatest contribution came from the lectin pathway. This stage-specific change in the relative importance of this pathway is novel and warrants further investigation.
Since L4 did not appear to fix C3 in vivo, it is curious that a small amount could be detected after incubation ex vivo with C57BL/6 serum. This occurred regardless of whether the L4 were derived from C57BL/6 or CBA hosts (data not shown). It is also odd that L4 did not acquire C3 when exposed to CBA/Ca serum in vitro. These may be in vitro phenomena of little biological significance and any explanation we might offer is purely speculative. However, complement inhibitors (host or parasite derived) may be more active with CBA serum and/or in vivo in both strains. C57BL/6 serum may have more available C3, but this seems unlikely, since these differences were not evident when L3 were tested. Importantly, we and others have not detected major differences in parasite burdens when infections in CBA and C57 strains are directly compared (12, 46) .
In conclusion, we have demonstrated that infective-stage larvae of N. brasiliensis activate the alternative pathway of complement, mediating a high level of leukocyte adherence to these larvae. Complement fixation at this stage of the parasite's life cycle may also be important for recruitment of eosinophils and other leukocytes into the initial site of infection, the skin. Entrapment of larvae may then follow, provided that sufficient effector cells are present. However, within 24 h of infection, the parasite develops the capacity to inhibit deposition of C3, and this could explain the relative absence of an early inflammatory response to L4 in the lungs. In acquiring resistance at this level, larvae may more readily migrate through tissues to undergo further maturation. Interestingly, there is a shift in pathways through which the small amount of complement is activated by lung-stage L4, with the lectin pathway now being a relatively major contributor. As the parasite enters the gut and undergoes further maturation to the adult worm stage, the alternative pathway again becomes more important for complement activation. However, both innate and early adaptive immune responses may be of less consequence to a parasite that resides in the lumen of the gut.
Although we have established in vitro that complement is at least transiently important, a critical role in innate resistance to parasitic helminths in vivo has yet to be conclusively determined. More definitive proof will require investigations of the kinetics of infections in the various complement-deficient mice described here.
